Abstract. We examine how well the National Center for Atmospheric Research (NCAR) regional climate model (RegCM2) simulates the mean and interannual variability of precipitation in a semiarid region to more fully establish the strengths and weaknesses of the model as a tool for studying regional scale climate processes. We compare precipitation observations with RegCM2 output from a 5.5 year long simulation of the climate of central Asia, driven by the European Centre for Medium-Range Weather Forecasts analyses. RegCM2 simulates well the spatial patterns and annual cycles of precipitation observed in climatically different subregions. The magnitude of simulated precipitation is similar to observations except over the driest part of Central Asia where the simulated precipitation is too high. We calculate precipitation anomalies for each month as the difference between the monthly total and the 5 year average for that month, from both observations and RegCM2 output. The magnitude of simulated interannual variability is similar to observations, although there are differences. RegCM2 tends to underpredict (overpredict) the magnitude of variability in the same combinations of subregion and season for which it underpredicts (overpredicts) mean precipitation. RegCM2 closely reproduces precipitation anomalies observed in specific months, except during summer and during winter in the mountains. There is no correlation between model biases in mean precipitation and how well the model reproduces a series of precipitation anomalies. This suggests that the processes controlling the mean and the variability of precipitation differ. Therefore evaluating the ability of a regional climate model to simulate both quantities is a demanding test of model performance.
Introduction
Regional climate models (RCMs) are useful tools for studying mesoscale climate processes and for identifying the impacts of anthropogenic forcing at the regional scale. However, because these models have been developed only within the last decade, many features of their performance have not been examined in detail. Additional CM evaluation is necessary to establish more fully their strengths and weaknesses.
In this paper, we evaluate how well a RCM simulates (1) the mean precipitation and (2) the interannual variability of precipitation in a semiarid region (central Asia). These two features of RCM performance have not been thoroughly examined in previous studies. We assess these two issues by analyzing a 5.5 year simulation of the present-day climate of central Asia produced with the National Center for Multiyear simulations have been completed for the United States [Giorgi et al., 1993a; Giorgi et al., 1994] eastern Asia and Japan [Hirakuchi and Giorgi, 1995] Whereas previous RCM studies have been focused on mean climate conditions, much less is known about how well RCMs simulate interannual variability. The second goal of this study is to provide a detailed comparison between RCM and observed interannual precipitation variability. This comparison is important for several reasons. First, the degree of similarity between modeled and observed interannual precipitation variability is an important model diagnostic, as it is one way to test the sensitivity of a RCM to a range of synoptic scale atmospheric conditions. Second, year-to-year changes in precipitation have large socioeconomic impacts at the regional scale. Therefore it is critical to evaluate when and where climate anomalies are predictable and to assess the performance of RCMs in reproducing them.
Third, the interannual variability of precipitation may change due to anthropogenic increases in atmospheric greenhouse gases. Before we can incorporate RCM predictions of variability changes in impacts assessments, we must first evaluate how well these models simulate present-day variability.
One method to evaluate how well a RCM simulates year-toyear changes in precipitation is to compare the magnitudes of observed and simulated variability (e.g., the standard deviations). This method has at least two drawbacks: (1) Long simulations are needed to yield statistically meaningful results and (2) it is not a rigorous test of whether the RCM responds correctly to a specific set of synoptic scale atmospheric conditions. An alternative approach is to compare the simulated and observed precipitation anomalies for specific months or seasons [Luthi et al., 1996 ; Jenkins and Barron, 1997; Walsh and McGregor, 1997] . By comparing particular observed anomalies, one can directly test if the RCM has the correct sensitivity to specific forcings. We use both methods in this study.
Luthi et al. [1996] examined how well a RCM forced by analyses reproduced year-to-year precipitation changes over Europe in simulations representing three different Januarys and Julys. They found that the model was able to reproduce interannual variability in January but not in July and that the quality of simulated variability varied spatially. They suggested the simulations of variability were inferior in July because the model produced larger dynamical errors in this month and because the influence of subgrid scale processes on precipitation is greater during the summer season. In studies with GCM boundary conditions the nested RCM improved the simulation of precipitation anomalies that were associated with particular forcing, compared to the driving GCM [Jenkins and Barron, 1997; Walsh and McGregor, 1997] . However, the simulations examined in these studies were short (only one or two seasons), and there were large model biases in both the RCM and the driving GCM. Similar to the findings of Luthi et al. [1996] the quality of the simulated interannual variability varied spatially.
In this study, we explore the following questions related to how well RegCM2 simulates the observed interannual variability of precipitation in central Asia: (1) How does the simulated magnitude of variability compare to observed values? (2) How does the correlation between observed and simulated anomalies vary spatially and seasonally? (3) What controls whether precipitation anomalies can be predicted by a RCM? (4) How does the model's ability to simulate variability compare to its ability to simulate mean precipitation?
We first describe the details of the model experiment and the observations used to evaluate the model performance (section 2). Next we discuss the synoptic scale controls of central Asian climate and compare the observed mean atmospheric fields European Centre for Medium-Range Weather Forecasts (ECMWF) analyses) to those simulated by RegCM2 (section 3). This is followed by a comparison of the observed and simulated mean precipitation (section 4 ). We then assess how well RegCM2 simulates the observed interannual variability of precipitation, including the magnitude of variability and the anomalies associated with particular forcing (section 5). In the following section we discuss what the comparison between simulated and observed variability indicates about model performance and the predictability of climate anomalies in central Asia (section 6). Finally, we compare model biases in mean precipitation to the model's performance in simulating interannual variability (section 7).
Experimental Design

Regional Climate Model
In this study, we use a version of NCAR's regional climate model, RegCM2. Because this model is described in detail elsewhere [Giorgi, 1993b, 
Model Domain
The model domain used here has a resolution of 50 km and covers a 3400 x 3100 km 2 area, centered over central Asia. We have divided the domain into three subregions: north, central, and mountains/south (Figure 1 ). The observed climate in each subregion is very different, as discussed below. We use these subregions to compare observations and model output, to assess how well RegCM2 simulates the spatial variability of climate processes across central Asia.
Boundary and Initial Conditions
RegCM2 was integrated for a continuous -5.5 year period, from June 1, 1987 to January 1, 1993. Time-dependent lateral boundary conditions for this simulation were taken from the (ECMWF) analyses. In the version of the ECMWF analyses used here, fields are available every 12 hours on a T42 spectral grid [Trenberth, 1992] . The fields used as lateral boundary conditions include wind, temperature, water vapor, and surface pressure. They were applied over a 400 km buffer zone along the lateral boundaries of the domain (Figure 1) 
Atmospheric Circulations
In this section, we first describe the observed (ECMWF) mean atmospheric circulation fields over central Asia, including sea level pressure, 500 mbar geopotential height, and the vertically integrated water vapor flux. After describing the observed fields, we evaluate how closely they are reproduced by RegCM2 and discuss how differences could influence the precipitation predicted by the model. 
Mean Precipitation
Spatial Patterns
We compare simulated precipitation to the Legates and Willmott precipitation climatology in Figure 6 . Excluding the boundary regions, RegCM2 does an adequate job of simulating the relative spatial patterns of precipitation during summer. Simulated precipitation is less than 1 cm/month throughout most of the southern half of the domain, which is in agreement with the climatology. The model also reproduces the high meridional precipitation gradient in the northern third of the domain between 50 ø and 70øE. In this region, observed precipitation decreases from 6 cm/month to less than 1 cm/month over a distance of-500 km. It is particularly impressive that the model reproduces this feature because the high pre•zipitation gradient is not topographically induced.
The simulated gradient is lower than in the climatology in some areas; however, this could be related to the comparison 
Interannual Variability of Precipitation
In this section, we evaluate RegCM2's ability to simulate the interannual variability of precipitation observed between 1988 and 1992. We compare simulated and observed precipitation anomalies averaged by subregion because our goal is to assess how well the model simulates anomalies on a length scale of-103 km. We calculate simulated (RCM') and The magnitude of observed variability is substantially higher when this linearly scaled correction is added to the observed anomalies (Figure 9 ). This decreases the ratio of simulated to observed variability (Table 3) . Changes are particularly large during the winter, when high winds and snow result in the greatest LWC mean corrections (Table 2) . Thus a possible explanation for the discrepancy between the magnitude of simulated and observed wintertime variability is that the observed variability is underestimated because of the undercatch of rain gauges. We do not suggest that a linearly scaled correction accurately depicts conditions in central Asia. Instead, our approximation is intended to show that the magnitude of variability calculated from uncorrected observations may underestimate the true variability. This issue should be addressed in future research. When the model fails to reproduce a series of anomalies, as is the case during the summer, one or several factors may be responsible. One possibility is that the year-to-year changes in synoptic scale circulations, temperature, and specific humidity are not adequately represented in the ECMWF analyses. There is no way for RegCM2 to reproduce a series of observed anomalies if the large scale forcing of variability is not included in the boundary conditions, unless the variability is entirely due to deterministic processes within the domain. It is conceivable that the ECMWF analyses are imperfect in data-sparse regions like central Asia; however, we do not evaluate this issue further in this paper. More likely, the model's failure to reproduce anomalies during summer and in the mountains during winter is due to internal model errors and/or lower predictability of anomalies. We examine these two factors in the following sections.
Comparison of Anomaly
Relationship Between Circulations and
Anomalies
If RegCM2 does not reproduce the atmospheric conditions that prevailed during a particular month (e.g., April 1989), then it is unlikely that the model will successfully simulate the corresponding observed precipitation anomaly. This may be the reason why RegCM2 does not reproduce anomalies in the summer and in the mountains during winter. Above we showed that the model simulates the mean circulations well; however, this is not proof that the model closely replicates the atmospheric state in a particular month. To assess how closely RegCM2 reproduces actual anomalous circulations, we compare RegCM2 and ECMWF 500 mbar geopotential height fields at 12-hour intervals. This is not a true comparison between simulated and actual circulations; however, the ECMWF fields represent our best guess of the atmospheric fields that actually existed. We calculate a 500 mbar height variance reduction (VR) field for each month, from the series of five realizations of that month (1988-1992). To address the latter question, we analyze a data set generated by translating observed precipitation patterns and calculating the resulting precipitation anomaly error. We intend for the translated precipitation patterns to represent the simulated precipitation that would arise when the model displaces atmospheric circulations, e.g., when a simulated storm trajectory is offset from the observed path. Equating translated precipitation patterns with translated atmospheric circulations simplifies reality in that modeled precipitation will not shift uniformly with displaced circulations, largely because of surface forcing from topography and soil moisture. In addition, our approach only includes the uniform translation of patterns, whereas simulated-observed circulation differences are more complicated. We substitute "translated circulations" for "translated precipitation patterns" in the following discussion, as we are assuming they are interchangeable.
Our synthetic data set is generated according to the following steps' First, we interpolate the observed precipitation for some month (e.g., January 1988) onto the Figures 13 and 14) . The pattern translation results are not so useful to understand model performance in the mountains, because orographic forcing limits the degree to which simulated precipitation will simply shift with misplaced atmospheric circulations.
Summary of Model Performance in Reproducing Anomalies
The failure of RegCM2 to reproduce precipitation anomalies during summer is not necessarily a mark of poor model performance. Instead, it suggests that precipitation anomalies are less predictable during this season because of several different factors. First, the reproduction of actual circulation systems, and therefore the simulation of precipitation anomalies, is relatively difficult during summer. Flow through the model domain is weakest during this season, increasing the time during which simulated and observed differences in atmospheric conditions can grow. These differences are expected in models of the atmospheric system, with or without model errors. Second, as spatial precipitation gradients are highest during summer, simulated-observed. circulation differences produce the largest anomaly errors during this season. These two influences operate together during summer, limiting the likelihood that RegCM2 can reproduce the precipitation anomalies associated with certain synoptic scale atmospheric conditions. Third, summer convective processes are inherently more random than the precipitation mechanisms that dominate in other seasons, which also decreases the predictability of summertime anomalies [Luthi et al., 1996] . Even though the model fails to reproduce particular. summertime anomalies, it does simulate the magnitude of variability well in each subregion. This may be a more important model diagnostic during seasons in which precipitation anomalies are relatively difficult to reproduce. The model's failure to reproduce wintertime anomalies in the mountains may denote inadequate model performance, because these anomalies should be relatively easy to predict, at least in terms of the sensitivity to displaced atmospheric circulations (Figure 14) . In addition, simulated-observed differences in atmospheric conditions are not large, especially when compared to other situations in which precipitation anomalies are simulated more closely (e.g., during fall in the mountains). The source of model errors during winter over the mounthins is not obvious. The relatively smooth model topography or low station density in the mountains may contribute to the problem.
Comparison of Simulated Mean and Variability
In this section, we compare how well RegCM2 simulates the mean and variability of precipitation in particular seasons and subregions. Excluding the winter season, there appears to be a positive correlation between the model's' biases in simulating (1) mean precipitation and (2) the magnitude of precipitation variability. RegCM2 tends to underpredict (overpredict) the magnitude of variability in the same combinations of subregion and season for which it underpredicts (overpredicts) mean precipitation (Figure 15 ). In addition, the magnitude of the variability tends to be simulated well when mean precipitation closely matches observed values. For example, the most severe underestimates of both mean precipitation (Table 2 ) and the magnitude of interannual precipitation variability (Table 3) Table 2 ). Bars in the x direction span from the ratio of the simulated and observed standard deviations (•) to the ratio of the simulated to observed plus corrected standard deviations ((J) (see Table 3 ). The.shaded areas represents +10% of the mean and ratios between 0.9 and 1.1. Second, a skillful simulation of mean precipitation does not ensure that a RCM responds correctly to a variety of synoptic scale conditions. Therefore evaluating a RCM's ability to simulate both quantities is a more demanding test of model performance than only comparing simulated and observed mean precipitation. Third, it may be difficult to assess model performance from a short simulation (e.g., several months or a year long). A model that is capable of simulating mean precipitation over several years may not accurately reproduce the observed precipitation accumulating during a particular month. This has implications for tuning model parameters. On the basis of a short simulation it may appear that model parameters need' to be adjusted; however, the parameters may already be set at the optimal value to reproduce mean precipitation.
Conclusions
RegCM2 simulates the mean precipitation observed in central Asia well; however, some problems do exist. First, precipitation is too low in areas of strong inflow, which suggests that the cloud water mixing ratio does not increase fast enough through the buffer zone. Second, simulated precipitation is too low over the mountains in the spring. The source of this problem is an error in mean atmospheric circulations, which results in a reduced northward water vapor flux compared to the ECMWF analyses. Third, there is a positive precipitation bias during summer and fall over the central portion of the domain, which is the region with the lowest precipitation rates (-1 cm/month). This bias shows RegCM2 is not versatile enough to simulate the full range of precipitation observed across central Asia.
The magnitude of simulated interannual precipitation variability is similar to that found in the CAC data set. The greatest domain-wide difference between simulated and observed magnitudes of variability exists during winter, when the ratio of simulated to observed standard deviations is >= 1.3 in all subregions. Excluding the winter season, there appears to be a positive con'elation between the simulated biases in (1) mean precipitation and (2) the magnitude of precipitation variability. RegCM2 tends to underpredict (overpredict) the magnitude of variability in the same combinations of subregion and season for which it underpredicts (overpredicts) mean precipitation• In many cases, RegCM2 closely reproduces the precipitation anomalies observed in specific months which are associated with certain synoptic scale atmospheric conditions. This indicates (1) that the boundary condition assimilation is successful and that the model accurately reproduces the evolution of circulations within the domain and its effects on precipitation; and (2) month-long p.recipitation anomalies are controlled by the synoptic-scale atmospheric conditions and the characteristics of the land surface, as these are the climate features that change fi'om year-to-year in the model. The failure of RegCM2 to reproduce precipitation anomalies during summer is not necessarily a mark of poor model performance, as precipitation anomalies are less predictable during this season. However, the failure to reproduce wintertime anomalies in the mountains may denote inadequate model performance, as these anomalies should be relatively easy to predict.
Unlike the positive correlation between biases in the mean and magnitude of variability, there appears to be no connection between model biases in mean precipitation and how closely the model reproduces a series of precipitation anomalies. Therefore evaluating a the ability of a RCM to simulated both mean precipitation and precipitation anomalies is a more demanding test of model performance than only comparing simulated and observed mean precipitation.
